Manatees are unique among the fully aquatic marine mammals in that they are herbivorous creatures, with hunting strategies restricted to grazing on sea-grasses. Since the other groups of (carnivorous) marine mammals have been found to possess various visual system adaptations to their unique visual environments, it was of interest to investigate the visual capability of the manatee. Previous work, both behavioral (Griebel & Schmid, 1996) , and ultrastructural (Cohen, Tucker, & Odell, 1982 ; unpublished work cited by Griebel & Peichl, 2003) , has suggested that manatees have the dichromatic color vision typical of diurnal mammals. This study uses molecular techniques to investigate the cone visual pigments of the manatee. The aim was to clone and sequence cone opsins from the retina, and, if possible, express and reconstitute functional visual pigments to perform spectral analysis. Both LWS and SWS cone opsins were cloned and sequenced from manatee retinae, which, upon expression and spectral analysis, had max values of 555 and 410 nm, respectively. The expression of both the LWS and SWS cone opsin in the manatee retina is unique as both pinnipeds and cetaceans only express a cone LWS opsin.
Introduction
Manatees belong to the mammalian order, Sirenia, which includes two families, the Dugongidae [including the Dugong (Dugong dugon) and the now extinct Steller's Sea Cow (Hydrodamalis gigas)] and the Trichechidae, which includes the three known species of manatee: West Indian manatee (Trichechus manatus), Amazon Ox manatee (Trichechus inunguis) and West African manatee (Trichechus senegalensis). Molecular and morphological evidence suggests that manatees belong to the monophyletic group, Paenungulata. The closest terrestrial relatives of manatees are elephants and hyraxes, which are the only other extant paenungulates. Fossil evidence (for a recent archaeological Wnd, see Domning, 2001) suggests that Sirenians started their transition from terrestrial into aquatic animals in the early Eocene period, about 50 million years ago.
The West Indian manatee inhabits coastal regions of the Southeastern United States, Central and South America, and the Caribbean islands. They are herbivores and graze on sea grasses, which are abundant in the sand-rich coastal habitats. Manatees have an unusually low metabolic rate given their large body size, which enables them to go for long periods of time (several months) without eating if necessary.
Since the West Indian manatee is an endangered species, sensory and behavioral information is important. The visual abilities of manatees have been underestimated, probably due to the small size of their eyes; each eye is only about 2 cm in diameter. Microscopic investigation of the ultrastructure of the manatee eye by Cohen et al. (1982) showed the presence of rods and also noted two cone types, suggesting the possibility of dichromatic color vision. Behavioral studies by Griebel and Schmid (1996) indicated that West Indian manatees had dichromatic color vision.
Previous molecular studies into the color vision of aquatic animals (Fasick, Cronin, Hunt, & Robinson, 1998; Newman & Robinson, 2005) have shown that marine mammals have an unusual visual adaptation, namely that mutations have accumulated in the gene encoding the short-wavelength sensitive (SWS) cone opsin. These mutations result in a pseudogene, and no functional SWS cone opsin is expressed, thus these animals are cone monochromats. Since the SWS cones only convey chromatic information (as opposed to LWS cones, which provide both chromatic and luminance information), it is thought that in the monochromatic underwater environment, they become redundant. Given the diVerent ecology of the manatee compared to other marine mammals, it was of interest in this study whether the manatee would have accrued the same adaptation. Molecular analysis was implemented to assess which photoreceptors the manatee possesses in the retina, and thus whether these animals have the possibility of color vision. In a molecular study of marine mammal rhodopsins, Fasick and Robinson (2000) cloned and expressed the manatee rhodopsin from retinal mRNA. After regeneration of this visual pigment by reconstitution with the chromophore, 11-cis-retinal, it was found to have a wavelength of maximal absorbance ( max ) of 504 nm, slightly red-shifted compared to the typical terrestrial rhodopsins (e.g., bovine, 500 nm). In this study, we completed the molecular analysis of the photoreceptors of the West Indian manatee by looking at the expression of the cone opsins.
Materials and methods

PCR and cloning
Retinal RNA from manatee eyes (courtesy of NMFS SouthEast) was isolated using TriReagent (Sigma, Saint Louis, MO) and standard protocols. Complimentary DNA was synthesized by reverse transcription using the Superscript reverse transcription kit (Gibco/Invitrogen, Carlsbad, CA). Degenerate oligonucleotide primers were used to amplify the LWS and SWS opsins from the cDNA by PCR using a Peltier Thermal Cycler-200 (MJ Research, Waltham, MA).
The primers used for ampliWcation of the LWS opsin were as follows: 5Ј CCGGAATTCATGGCCCAGMMRTGGGGC 3Ј ACGCGTCGATCCGGCAGGTGACACYGA. The primers used for ampliWcation of the SWS opsin were as follows: 5Ј ATGAGMAARATGTCRGAGGARGAGGAGTT 3Ј GTCGACACAGTAGAAACTTCTGTTTTCTGRGA.
The PCR products were Wrstly sub-cloned into the pCR2.1 cloning vector (Invitrogen, Carlsbad, CA) for sequencing, then cloned into the pMT3 expression vector, which contains an epitope tag, 1D4, the last 16 amino acids of bovine rhodopsin. This epitope does not interfere with opsin expression or folding (Kazmi, Dubin, Oddoux, & Ostrer, 1996; Oprian, Asenjo, Lee, & Pelletier, 1991) .
Expression and generation of visual pigments
Both LWS and SWS opsins were expressed in COS-7 cells by transfection with Lipofectamine (Invitrogen, Carlsbad, CA), following manufacturer's instructions. Cells were harvested 2 days post-transfection with PBS at pH 7, then incubated with 40 M 11-cis-retinal (in ethanol) in the dark. Cells were solubilized in dodecylmaltoside and phenylmethylsulfonylXuoride. Opsins were puriWed with an anti-1D4 CNBr-activated sepharose column and eluted with 1D4 peptide. Additionally, the LWS opsins were stabilized in L--phosphatidylcholine (Sigma, Saint Louis, MO) lipid vesicles. The SWS opsin reconstitution and puriWcation was performed at pH 6.6, at 4°C and the resultant pigment was concentrated about Wvefold with Centricon-30 concentrators (Millipore, Bedford, MA). All procedures were carried out under dim red illumination. Spectra were collected using a Hitachi dual path spectrophotometer. Opsins were bleached using a 10-min treatment of a 175 W Wber optic white light source in the presence of 50 mM hydroxylamine. Data were analyzed with Kaleidagraph software (Synergy Software, PA).
Transducin activation assay
The ability of the two manatee cone visual pigments to activate bovine rod transducin in a light-dependent manner was tested. Membranes containing either LWS or SWS opsins were reconstituted with 11-cis-retinal, then mixed in the dark with 2.1 M transducin (generously provided by Maria Ascano, UMBC) and 3 M GTP--35 S. Light-dependent activation of transducin was measured by counting non-reversible binding of GTP--35 S, using a Wlter binding assay as described in Fasick et al. (1998) . A negative control was performed using non-transfected membranes.
Results
The LWS opsin of the manatee was successfully cloned using RT-PCR, sequenced and inserted into a mammalian expression vector, pMT3. The visual opsin was subsequently expressed, reconstituted with 11-cis-retinal and puriWed using immuno aYnity chromatography. The resulting visual pigment was then analyzed spectrophotometrically. The manatee LWS gene (GenBank Accession No. AY228447) is 93% identical to the LWS opsin of the African savanna elephant (Loxodonta africana; GenBank Accession No. AY686754). The theoretical translation of the manatee LWS transcript has many of the conserved residues found in all mammalian LWS opsins (Fig. 1A) . These conserved sites include the chromophore attachment site, a lysine at position 296 (bovine rhodopsin numbering), the counter-ion at position 113 and LWS-speciWc chloride-binding site (histidine 197). Site 292, which has been shown to be a cetacean LWS tuning site, (Fasick & Robinson, 2000) is an alanine. Upon reconstitution, a visual pigment of absorbance maximum ( max ) of 556 nm was observed (Fig. 1B) . This is red-shifted compared to the LWS max values of other aquatic mammals (Newman & Robinson, 2005) .
The SWS cone opsin genomic sequence was cloned and sequenced (GenBank Accession No. AY228443) and found to have no deletions or insertions that might cause it to be a pseudogene, as in many other marine mammals. The manatee SWS sequence also has many of the conserved residues found in vertebrate visual opsins, such as the chromophore binding site (lysine 296) and counter-ion (glutamate 113). The manatee SWS sequence is 89% identical to SWS from the African savanna elephant (Loxodonta africana; GenBank Accession No. AY686753) and 88% identical to bovine SWS.
Messenger RNA was isolated from the retina and a cDNA copy cloned and expressed. The visual pigment generated produced reasonably low absorbance values. Fig. 2 shows the raw absorbance spectra for this pigment, in the dark, and after treatment with light and hydroxylamine. Upon light treatment, a shift is seen in which hydroxyl-amine competes for the SchiV's base and a retinal oxime is formed with a much lower max value. The true max of the SWS pigment is best seen with a diVerence spectrum (Fig. 3) , in which the dark spectrum is subtracted from that generated in the light. The diVerence spectrum shows the max of the pigment to be 411 nm.
The manatee LWS opsin was able to activate bovine rod transducin in a light-dependent manner, as shown in S bound to the Wlter is seen in the light, indicating that the visual pigment can activate transducin. However, the SWS opsin did not appear to activate bovine rod transducin any more than the negative control (data not shown).
Discussion
Molecular analysis demonstrated that the West Indian manatee has two functional opsin visual pigments, sensitive to long and short wavelengths of light. This dichromatic color vision is typical of most diurnal mammals, with the exception of some primates that are trichromatic (three cone classes) and some nocturnal animals that are monochromats (a single cone class). To date, all marine mammals studied have been cone monochromats (Fasick et al., 1998; Newman & Robinson, 2005) , missing a functional blue cone opsin. Thus, it is interesting that the manatee appears to have the necessary photoreceptors to enable dichromatic color vision. The Wrst question raised is, how is the manatee diVerent from other marine mammals, and have those diVerences enabled the manatee to retain color vision? To address these questions, it is necessary to examine the ecology of the manatee. Firstly, manatees, unlike most other marine mammals, live in shallow waters, namely coastal and estuarine areas. Manatees have a vegetarian diet, and feed on submerged grasses in these bodies of water. This is an important diVerence between manatees and all other aquatic mammals, which eat a range of marine animals, from plankton and squid, eaten by the Wlter-feeding baleen whales, to small Wsh hunted and eaten by the toothed whales and seals. Manatees are exposed to a broad spectral light environment; in the coastal regions, the spectral range of ambient light is as broad as it is on land. However, in some estuarine areas, the dissolved particulate matter in the water could lead to the longer wavelengths of light (red/ brown) transmitting best. To Wnd food in these spectrally varied areas, the visual pigments (LWS, rod, and SWS) of the manatee are evenly spaced, with the LWS and rod pigments being slightly red-shifted compared to normal terrestrial values, potentially to best Wnd food in the murky estuarine waters. The blue pigment is blue-shifted about 20 nm compared to those of the only other known terrestrial even-toed ungulate value (the cow, with SWS max of 431 nm). However, the cow is not the closest terrestrial relative of the manatee (this is the hyrax, whose visual pigments have not been studied to date). The molecular basis for the blue shift of this pigment is unknown, but it is known that Fig. 2 . Raw absorption spectra of puriWed, expressed West Indian manatee SWS cone opsin pigment in the dark (black trace) and after bleaching for 10 min in the presence of 50 mM hydroxylamine (gray trace). The manatee LWS opsin was able to activate bovine rod transducin in a light-dependent manner. However, this result was not seen for the manatee SWS opsin. A few reasons for this are possible: Wrstly, the SWS opsin yield in membrane preparations was consistently much lower than that of the LWS opsin. Of this, it is unknown how much functional visual pigment is present in the preparation. Therefore, the levels of functional SWS visual pigment could have simply been too low to see transducin activation. Alternatively, perhaps rod transducin is too diVerent from the structure of the cognate SWS opsin-coupled G-protein to be activated in this case. The SWS1 opsins are a diverse class, and although certain opsins in this group can activate transducin (such as the Xenopus SWS1, as described by Starace & Knox (1997) ), this is not necessarily true for all SWS1 pigments.
In conclusion, we have provided molecular evidence to indicate that, unlike many other marine mammals, the West Indian manatee possesses the dichromatic color vision common to most other diurnal mammals. These conclusions agree well with other studies which indicate that manatees have dichromatic color vision, for example, behavioral studies by Griebel and Schmid (1996) and unpublished work, cited by Griebel and Peichl (2003) , in which preliminary immunocytochemical studies indicate the presence of two types of cones in manatee retinae.
